Abstract This review examines current research ascertaining the impact of the Deepwater Horizon oil spill on human health and ecosystems. Driven by the need to strategically focus research funding, the authors also assess the implications of those findings and promote a transdisciplinary research agenda addressing critical gaps.Epidemiologic studies conducted in workers and vulnerable communities in the spill's aftermath showed that non-chemical stressors affect resilience. Ecosystem-wise salt marsh species showed variability in structural and functional changes, attributed to speciesspecific tolerance, oil exposure, and belowground plant organs damage.Lacking baseline exposure assessment data hampers assessing the impact of chemical stressors.
Introduction
The health of the ecosystem and that of communities living in disaster-prone areas is inextricably linked. Six years since the Deepwater Horizon (DWH) oil spill, many unanswered questions in science and policy remain. The magnitude of the spill, exacerbated by the uncertainty of dealing with the unprecedented volume of oil compounds and dispersants used, naturally focused attention and funding towards ecosystem assess-ment and restoration. A robust portfolio of ecosystem research is ongoing, supported by public and private funding. Examples include the Gulf of Mexico Research Initiative (GOMRI) [1] , the National Science Foundation (NSF) [2] , and the National Academies of Sciences' (NAS) Gulf Research Program (GRP) [3] . From a human health perspective, the death of oil rig workers identified occupational exposures as a critical focus of research [4•] . Human health research is primarily being supported by the National Institutes of Environmental Health Sciences (NIEHS) targeting workers and communities as vulnerable populations [5, 6] . The GRP has also recently supported demonstration grants addressing human health research [3] . In addition to research, as part of the Deepwater Horizon Medical Benefits Class Action Settlement approved by the US District Court in New Orleans on January 11, 2013 and made effective on February 12, 2014, $105 million was utilized for the Gulf Region Health Outreach Program (GRHOP). The program supports capacity-building projects, including in environmental health, to benefit the 17 parishes and counties in Louisiana (LA), Mississippi (MS), Alabama (AL), and Florida (FL) most affected by the spill [7] .
This manuscript focuses on three key aspects of research in the aftermath of the DWH oil spill: key findings resulting from ecosystem and human health research to date, the implications of those findings, and a research agenda for the future to address critical remaining gaps.
Ecosystem Effects
The Mississippi River Delta ecosystem suffered chronic wetland degradation prior to the 2010 oil spill [8] . The 2010 oil spill was unprecedented in its extensiveness, impacting shorelines from Texas to Florida [9] .The Gulf of Mexico not only supports a rich biodiversity of both national and global importance [10] but also delivers invaluable ecosystem services such as productive fisheries, storm protection, flood-risk reduction, water quality enhancement, faunal support, and carbon sequestration. Injury and death rates were documented for species of dolphins; sperm whales; manatees; sea turtles; mangroves; sea birds (pelicans); oysters; marine vertebrates; fish including shark, tuna, and shellfish; and seaweed [9] [10] [11] [12] [13] . Species that surface for air such as dolphins, whales, and sea turtles showed elevated rates of stranding [10] . Disease rates among these species increased among those lethal lung disease and primary bacterial pneumonia in bottlenose dolphins [10, 13] . Bottlenose dolphins from Barataria Bay had mortality rates 8 % higher than and reproductive success rates 63 % lower than the reference (not oiled) areas [12, 13] . Sperm whale population density around the oil spill area also decreased [13] . Overall, wildlife species experienced acute mortality, as well as non-lethal structural and functional disruption at varying degrees [11] . Death and injury rates are considered an underestimate and thought to be 50× greater [10, 12] .
The Mississippi River Delta houses 40 % of US coastal wetland, provides crucial habitat to coastal species, and plays a critical role in maintaining coastal stability and preventing erosion [14] . Within this area, Barataria Bay in Louisiana was the most impacted by the 2010 Deepwater Horizon oil spill [9] .
Coastal vegetation was damaged, and erosion rates accelerated following the impacts of the oil spill [14, 15] . Along some heavily oiled shorelines, accelerated erosion raises concern of potential acceleration of shoreline retreat [14] . Within 2.5 years post-spill, an estimated 4.1 km 2 of Louisiana's wetland was lost, translating to an erosion rate 1.54 m/year faster than reference (unoiled) islands. Continued ecological stress is likely to exert pressure on emergent plants for decades to come as the marshes recover [15] .
The spill's culminating effect for the seafood industry was loss of important species production. Notably, as oyster recruitment rates decreased, the 2011 harvest season was unproductive [10] . Some juvenile fish species suffered impairments to heart function and swimming ability [12, 13] . Die-off of seaweed species further drove ecological pressures leading to decreased diversity of crabs, shrimp, and lobster [12, 13] .
Human Health Effects Environmental Contaminants of Potential Concern
Approximately 210 million gallons of crude oil was released as a result of the DWH oil spill, and an estimated 1.8 million gallons of chemical dispersants was used in response efforts [16, 17] . Key air pollutants associated with the DWH oil spill include hydrocarbons, particulate matter (PM), or aerosol particles, ozone, carbon monoxide, sulfur oxides, and nitrogen oxides sourced from crude oil, in situ burning, and flaring of natural gas [18] . Hydrocarbons of human health concern, which include polycyclic aromatic hydrocarbons (PAHs), were reported to be temporarily increased from pre-shoreline oiling levels directly following the DWH oil spill in certain affected areas but returned to pre-oiling levels by March 2011 [19] . Emissions of hydrocarbons from the oil slick were identified as the largest source of primary air emissions, while reaction by-products in the atmosphere including ozone and secondary organic aerosols were also detected [18] .
In addition to the oil-specific compounds, the dispersants used elicited community concerns because of the initial lack of information on the composition and the sheer volume used. Chemical oil dispersants used in DWH oil spill response efforts were COREXIT 9500A and COREXIT 9527A, representing mixtures of surfactants and solvents containing propylene glycol, dioctyl sodium sulfosuccinate (DSS), hydro-treated light petroleum distillates, and ethoxylated alcohols [20] . Animal studies have examined effects of dispersant exposure on pulmonary and immunologic endpoints [20] [21] [22] . Acute inhalation of COREXIT EC9500A was found to induce a transient decrease in dynamic compliance 1 day after exposure but was reversed after 7 days, and no differences in lung neutrophils and phagocyte oxidant production or lung function were found [20] . Another study found transient chronotropic effects on cardiac function in rats 1-day postacute exposure to COREXIT EC9500A exposure [21] . Immunologic effects were examined in the murine model following exposure to EC9500A; markers of immunosuppression were not found [22] . Although some community concerns remain, currently, no epidemiologic studies have included in-depth exposure assessments of dispersants.
Human Health Studies
The DWH oil spill affected a uniquely vulnerable population: unlike some other large oil spills, the unique vulnerability of communities living on the US Gulf Coast is rooted in a risk paradigm of three intersecting domains with synergistic impact-a historic burden of health disparities, persistent environmental health threats, and residence in a geographic area prone to both natural and technologic disasters (Fig. 1 ). For example, against national trends, Louisiana adults and children face a set of interdependent chemical and non-chemical (psychosocial stressors): counter to national trends, LA's children still experience substantial, disproportionate exposures to heavy metals; e.g., blood lead levels (BLLs) remain well above national averages in Louisiana: 1.5 % of children ≤6 years old have a BLL ≥10 μg/dL and 8 % ≤6 years old have a BLL ≥5 μg/dL. From a psychosocial perspective, Harville et al. showed that the combined effect of hurricanes Gustav and Katrina resulted in a higher symptom rate of depression and PTSD in 102 pregnant and reproductive age women [23] . In 2010, focusing on the increasing human health concerns, the NAS convened two expert panels to urgently identify human health research priorities and review the design and protocol of the Gulf Long-term Follow-up Worker study [24•, 25] . Indicative of the intersecting risk domains depicted in Fig. 1 , NAS identified five research priority areas: Bpsychosocial and behavioral effects with special attention to factors associated with vulnerability or resilience; exposure to oil, dispersants, and by-products of controlled burns; short and long-term seafood safety; communication and engagement methods in disaster preparedness research; and the development of a rapid response research framework^ [24•] . Selected progress in those areas is included below.
Gulf Long-Term Follow-Up Study
Following the 2010 DWH oil spill, the National Institute of Environmental Health Sciences launched the Gulf Long-term Follow-up Study (GuLF STUDY). The GuLF STUDY is a prospective cohort of adults who participated in oil spill response and cleanup work or who were trained but not hired (n = 32,608). The objective of the GuLF STUDY is to determine both short-and long-term health effects of oil spill response and cleanup work following the 2010 DWH oil spill [5] . Baseline enrollment occurred between March 2011 and March 2013, and follow-up is ongoing. Participant data collected included information on response and cleanup work, as well as demographic, socioeconomic, lifestyle, and health information. Anthropometric and clinical health measurements were also collected at a home visit in a subgroup of participants who lived in the five gulf states. Early findings have focused on acute effects and mental health service utilization among participants [26] .
DWH Research Consortia
Four research consortia were funded by NIEHS as academic community partnerships to Bidentify potential health effects from the DWH oil spill, examine factors that contribute to individual and community resilience/vulnerability, develop evidence promoting the health and wellbeing among Gulf Coast residents, and develop capacity for improved preparedness and response activities^ [6] . Table 1 summarizes the ecosystem and human health research studies and/or programs described in this article. In addition to basic research and environmental epidemiology studies, most of those research consortia feature two unique aspects: a dedicated project targeting resilience and a Community Outreach and Dissemination Core (CODC) [27] . Among the research consortia, the Gulf Resilience on Women's Health (GROWH) Fig. 1 This figure shows the three intersecting domains that impacted the population that the Deepwater Horizon (DWH) oil spill affected: a historic burden of health disparities, persistent environmental health threats, and residence in a geographic area prone to both natural and technologic disasters (www.gulfcoastenvironmentalhealth.com) centered its research on addressing three key community questions: is the seafood safe to eat?, is the air safe to breathe?, will our babies be safe? The GROWH team used a comprehensive set of exposures and outcomes and a community-based participatory research (CBPR) approach to answer these three questions. Exposure measures in over 1600 pregnant and reproductive age women included assessment of the spill's impact [57] and previous natural disasters, fish consumption including dietary fatty acids, and PAH DNA adducts as a general biomarker or exposure. Among the interesting findings is that based on locally derived risk assessment data, the seafood from the Gulf of Mexico is safe to eat, while one species of imported seafood is contaminated at levels of potential public health concern [28] . Furthermore, as an example of a nonchemical stressor, the largest cohort of GROWH pregnant and reproductive age women reported financial loss as the most significant negative effect of the DWH oil spill [29] . Consortia studies completed soon after the spill found that individuals with spill-related income loss were more likely to experience poor psychosocial symptoms [30] . Oil spill distress was associated with negative behavioral outcomes, e.g., domestic conflict [31] . Additionally, exposure was associated with psychosocial effects and domestic conflict among partners of oil spill cleanup workers [32] . The GROWH team also conducted research aimed at strengthening public health promotion and practice. Community Health Workers (CHWs), assigned to lowincome women during pregnancy, were able to develop a therapeutic relationship with their participant during the study period [33•] . Subsequently, this therapeutic relationship was found to be predictive of long-term study adherence [33•] . The developed relationship between CHW and low-income mothers allowed for the use of qualitative ethnographic methods to determine cultural beliefs and behaviors regarding post-oil spill environmental threats [34] .
To date, the adverse human health effects primarily reported in the aftermath of large oil spills, such as the DWH one, are mental health impacts [35•] . Cross-sectional studies on psychological impact of DWH in coastal communities have described worse anxiety and depression scores in those with spill-related income loss compared to residents with stable incomes and adverse mental health parameters in coastal communities compared to national estimates [36, 37] . Mental health impacts have also been studied in subpopulations of interest such as fishing communities and county-specific residents [38, 39] . Studies highlight the importance of population-specific health effects following DWH exposure: Low income and low social support were found to predict depression symptoms in disaster-affected communities [39] .
This collection of data aligns with the body of research on other health outcomes following oil spills, three of which produced epidemiological studies on psychosocial health outcomes. Research associated with the Exxon Valdez oil spill in Alaska clearly demonstrated reduced social support, increased social conflict, and uncertainty, leading to a range of psychiatric disorders, substance abuse, and domestic violence [36] . The Sea Empress spill in Wales produced several studies finding higher anxiety and depression scores and perceived risk among the affected population [40, 41] . The Prestige spill in Spain showed coastal residents expressing suboptimal mental health scores [42] .
Challenges in Conducting Environmental Epidemiologic Studies

Exposure Assessment
Exposure assessment is a key to establishing causality between environmental exposures and health relationships. Establishing the presence of a completed exposure pathway for each chemical and group of compounds associated with the oil spill represented the greatest challenge given the chemical characteristics of the combustion products and dispersants combined with the time lag between exposure and biospecimen collection to assess early adverse pathophysiologic effects. Even if a completed exposure pathway can be confirmed, as is the case in some workers employed in the immediate aftermath of the spill, assessing exposure is further complicated by the lack of validated models to accurately reconstruct key exposure assessment components including dose and duration.
Left-censored data, where measurements are below the limit of detection (LOD), are a common challenge in environmental health research, and specialized analytical approaches are needed to address this exposure assessment challenge. Personal monitoring samples collected following the DWH oil spill have been reported as having a substantial percentage of samples falling below the LOD [43] . Multiple analytical techniques have been proposed to address left censored data. The most commonly used technique is simple substitution [44] . Studies have proposed methods specifically to address high proportions of left censored data including distributionbased multiple imputation and Tobit regression and a robust Bayesian maximum likelihood estimation [44] [45] [46] . Analogous to the mechanistic research-based exposomic studies, researchers are exploring the public health exposome, a resource-conscious research strategy to address environmental health disparities [47] . Targeting disparate secondary data sources, the team deploys complex combinatorial analytics aimed at refining exposure estimates and ultimately to enable tailored and cost-effective analytic environmental epidemiologic research. Such analytic studies would be better positioned to specifically examine how persistent health disparities influence the impact of newly introduced exposures on health outcomes of concern [48] .
Analytical Challenges
Environmental epidemiologic studies use transdisciplinary, complex approaches to answer seemingly simple questions: is the seafood safe to eat? Beyond the traditional aspects that distinguish human research from animal studies (e.g., voluntary participation), environmental epidemiologic studies present unique design and analytical challenges: From a design perspective, earning community trust is a prerequisite for successful recruitment and retention and consequently affects the statistical power to draw meaningful conclusions. The protracted design phase can also significantly impact the window of exposure assessment resulting in insufficient exposure characterization. Community dissatisfaction and often distrust in the results are compounded by the lag time between design and dissemination. A long-standing track record of partnership, using a CBPR approach and being flexible while assuring scientific rigor, is key to successfully designing and implementing environmental epidemiology studies in the context of natural and technological disasters [27, 49] .
One of the greatest challenges facing environmental scientists pertains to decisions about where and when to sample for both monitoring and research. A comprehensive sampling plan is the core of unbiased research. There are four broad sampling designs used in environmental research to estimate pollutants in air, soil, and water. The most frequently used sampling design is judgment sampling, a subjective selection process used mostly because the researcher has prior knowledge about the contamination. Another frequently used sampling design is haphazard sampling, which does not follow any systematic way of selecting samples and selected based on convenience of sample collections. Search sampling is a non-research sampling design used to locate sources of pollution or find areas of elevated contamination. Such sampling designs lead to biased estimates of the population parameters since this design is selected for the unique value of the environmental sample rather than making inferences about a wider population. Lastly, probability or scientific sampling designs refer to methods where selection of samples is random. The most basic probability sampling design used in environmental research is simple random sampling, where each member of the population has an equal probability of selection. If the population is heterogeneous but has non-overlapping homogenous regions, then a stratified sampling design would be appropriate. Multistage sampling design involves dividing the population into homogenous regions and then randomly selecting regions for sampling in two or more stages. Probability sampling aids in elimination of subjective bias, allows for the full representation of a group, fulfills the randomization assumption of most statistical methods, and finally allows generalizability of results [50, 51] .
Discussion Implications for Ecosystems and Human Health Research
Overall, the focused investments in ecosystem research have resulted in a significantly enriched knowledge base informing impact, remediation, prevention, and the development of predictive models. Many research projects also included fellowships, providing a pathway to create a sustainable cadre of ecosystem scientists. However, examining the role of documented short-term effects on the longer-term ecological impact of the DWH oil spill must remain an important commitment.
From a chemical stressors perspective, previous crosssectional studies have assessed short-term impact of oil spills on human health, but there is a paucity of data on longitudinal effects following large-scale oil spills [35•] . Longitudinal follow-up is required to assess any potential long-term health effects of the DWH disaster. Research conducted as a result of the DWH oil spill contributed to solidify the public health knowledge base regarding the non-chemical impacts of technological disasters such as oil spills. This comports with previous research following the Exxon Valdez spill, where the non-chemical effects were (a) powerful, (b) wide-reaching, and (c) long-lasting [36] . Conceptually, advancements were made across the NIEHS-consortia through a resilience activation framework that was published to facilitate a systematic examination of factors influencing both community resilience, which will help for future projects [52] . Taken together, this line of post-disaster research demonstrates the need for a more robust local public health presence, particularly related to behavioral health outreach. Specifically, research demonstrates the need for improved public health surveillance, targeted outreach following an event, and long-term follow-up to prevent the cumulative exposures presented by multiple disasters [29] .
Post-oil spill research also demonstrated the practical benefits of engaging community health workers as research partners. CHWs can be effective in building trust, accelerating recruitment [49] , and strengthening retention as well as study outcomes [53] . The lack of shovel-ready study protocols to assess baseline and collect critical acute exposure data in the aftermath of the oil spill was an important impetus to the creation of the Disaster Response Research Program (DR2). Sponsored by the National Institutes of Health, the program focuses on the availability of just-in-time and just-in-case data collection tools, research protocols, and expedited processes to obtain Institutional Review Board approval (https://dr2.nlm.nih.gov/)
The DWH oil spill also has wide-ranging implications regarding environmental health policy. The spill uncovered a credibility gap in the ability of the current US policy network (e.g., Clean Water Act, Oil Pollution Act) to prevent ecological disasters, protect human and ecological health, and help populations get compensation for their losses [54] . Minority communities-such as Vietnamese-American communitiesalong the gulf may have been disproportionately impacted by the spill [56] . Other research has demonstrated the toll levied on communities navigating the claims process [56] , and due to language and cultural barriers, these insular communities may have faced greater barriers in seeking remediation [55] . Health policies are created to inherently provide protection and either incentives or fines to promote adherence. However, many policies overlook vulnerable and underserved communities, creating not only policy gaps but also health risks to those already facing multiple, often cumulative heath threats.
Improving healthcare capacity is important for building community resilience to future technological or natural disasters in the health disparate Gulf Coast states affected by the oil spill. GRHOP has built capacity in primary care community health clinics along the Gulf Coast and embedded mental health and environmental health expertise in these same clinics. Also included is training and deployment of CHWs in health clinics and community-based organizations to improve residents' to access primary and specialty care and preventive services. GRHOP's capacity building efforts complement the work of the community and outreach dissemination projects, supported by the NIEHS funded research consortia. For details about the BP Medical Benefits Class Action settlement, see https://deepwaterhorizonmedicalsettlement. com/Portals/23/DWHDocuments/MedicalBenefitsSettlement AgreementwithoutexhibitsFiled20120503.pdf
A Research Agenda for the Future
To date, while some progress has been made to address the research priorities identified by the National Academies of Science in 2010, many gaps remain [24•] . For both ecosystem and human health research, continued Binter-disaster^moni-toring is critical to more accurately determine baseline exposure conditions. Compared to fish and other fauna and flora, with some exception to occupational settings, obtaining immediate post-disaster population-based exposure measurements is difficult and can be perceived as unethical. Although few in numbers, ongoing cohort studies support biospecimen collection which, with additional funding, will allow for establishing inter-disaster baselines and more accurate characterization of exposures and potential adverse health effects. As part of the 2016 GOMRI conference, a session dedicated to national and global research examining the inter-connectedness between ecosystem and human health concluded with a set of more refined priority research gaps. The resulting research agenda is informed not only by the findings of both ecosystem and human health research to date but also by the persistent and lingering community concerns: (1) analyze health consequences in susceptible populations; (2) embed cumulative risk assessments in longitudinal cohort studies; (3) improve air quality (indoor and outdoor) monitoring to characterize inhalation exposure; (4) conduct culturally tailored dietary assessments targeting risks and benefits of seafood consumption; (5) leverage existing women/child dyads and worker cohorts to advance transdisciplinary research at the human/environment interface; (6) Bmineb iospecimen repositories to expand biomarker portfolio; (7) invest in finger printing for exposure effects and especially susceptibility; (8) advance CBPR by strengthening community environmental health literacy; and (9) improve data synthesis across fields of science to facilitate research translation to community action. Together with the urgent need for robust baseline exposure characterization, the proposed agenda can serve as a Btop 10^research roadmap in the aftermath of the DWH oil spill and in anticipation of future events.
